The systematics of Oriental freshwater mussels (Bivalvia: Unionidae) is poorly known. Here, we present an integrative revision of the genus Trapezoideus Simpson, 1900 to further understanding of freshwater mussel diversity in the region. We demonstrate that Trapezoideus as currently circumscribed is nonmonophyletic, with its former species belonging to six other genera, one of which is new to science and described here. We recognize Trapezoideus as a monotypic genus, comprised of the type species, T. foliaceus. Trapezoideus comptus, T. misellus, T. pallegoixi, and T. peninsularis are transferred to the genus Contradens, T. subclathratus is moved to Indonaia, and T. theca is transferred to Lamellidens. Trapezoideus prashadi is found to be a junior synonym of Arcidopsis footei . Trapezoideus dallianus,  T. nesemanni, T. panhai, T. peguensis, and two species new to science are placed in Yaukthwa gen. nov. This genus appears to be endemic of the Western Indochina Subregion. The two new species, Yaukthwa paiensis sp. nov. and Y. inlenensis sp. nov., are both endemic to the Salween River basin. Our results highlight that Southeast Asia is a species-rich freshwater mussel diversity hotspot with numerous local endemic species, which are in need of special conservation efforts.
Morphological analyses of Trapezoideus foliaceus and Yaukthwa gen. nov. The primary diagnostic features of shell structure of the studied Trapezoideus foliaceus specimens from the Mae Klong River basin such as thin and trapezoidal shell, shallow anterior muscle attachment scars, and slender pseudocardinal teeth correspond well to the lectotype of this nominal taxon thought to be collected from the Dawei (Tavoy) River (Figs 2, 3, 4a,b) . The other Trapezoideus representatives from western Indochina studied by us have more elongated shell (although small specimens are rather similar in shell shape), more developed hinge, well-marked anterior muscle scars even for young individuals, and more elevated umbo compared with those of T. foliaceus (Figs 4 and 5) . These specimens have well distinguishable morphological features and belong to the Yaukthwa gen. nov.
Species of the Yaukthwa and Trapezoideus were also analyzed with respect to their shell contours ( Fig. 3) . For morphometric analysis, two significant principal components (PC1 and PC2) of the shell shape were obtained using a principal component analysis (PCA) approach based on 20 normalized Elliptic Fourier Descriptors (EFDs). PC1 axis describes 73% of the total variation of sagittal shell shape with much higher shell variability, while PC2 axis describes only 9%. The first component shows variation in the shell height, dorsal edge elevation The corresponding river basins are highlighted in color. The map was developed using ESRI ArcGIS 10 software (www.esri.com/arcgis). The topographic base of the map was compiled with Natural Earth Free Vector and Raster Map Data (www.naturalearthdata.com), GSHHG version 2.3.7 (http://www.soest.hawaii.edu/pwessel/ gshhg) 47 , and the HydroSHEDS database (http://www.hydrosheds.org) 48, 49 . (Map: Mikhail Yu. Gofarov). 26 revised the type series, and concluded that only the specimen in Fig. 4 should be the representative of Trapezoideus dallianus, and that the specimen on Fig. 3 belongs to Trapezoideus foliaceus. We agree that the latter specimen is conchologically different, and, at first glance, it may be a Lamellidentini member (e.g. Trapezidens sp.). It was collected from Pegu [Bago River, Myanmar] 26 . Haas 26 also listed another specimen from the same lot (probably, specimen no. SMF 13699a) as an additional representative of Trapezoideus dallianus. However, this specimen was not pictured by Haas 25 , and was unknown to Frierson. Therefore, it could not be considered a part of the type series. www.nature.com/scientificreports www.nature.com/scientificreports/ Distribution: Known from the type locality ( Fig. 2 ). Srinivasa Rao 27 recorded two subfossil shells from the Namtu River at Hsenwi, 45 km NE of the type locality. Morphologically similar specimens were collected from the headwater of the Ayeyarwady River (Malikha Basin).
Comments: Our samples of Trapezoideus subclathratus sensu Bolotov et al. 8 are morphologically similar to Y. dalliana, but they were collected from the Malikha River basin, far from the type locality of Frierson's species (Fig. 2) . However, the Malikha River belongs to the same drainage, the Ayeyarwady River. Here, we preliminary consider our samples as belonging to Y. cf. dalliana, but this hypothesis should be checked in a future based on molecular sequences of the topotypes from Lashio.
Yaukthwa zayleymanensis (Preston, 1912) comb. nov.
Trapezoideus foliaceus var. zayleymanensis Preston (1912) : 307 28 . Type: Paratype SMF 3615. Type locality: Bhamo [Bhamo, Ayeyarwady River (approx. 24.2669° N, 97.2210° E)] 28 . Distribution: Known only from the type locality ( Fig. 2 ) and from Zayleyman, Upper Burma 28, 29 . We were unable to find an exact geographic position of Zayleyman, but the Upper Burma Region of British Empire included areas of the modern Shan and Kachin States of Myanmar. We suggest that Zayleyman was located somewhere on the Ayeyarwady River north of Mandalay.
Comments: Molecular data for this nominal taxon is still lacking. It is externally similar to Yaukthwa nesemanni comb. nov. from the Sittaung River by the elongated shell shape. Etymology: The species name is derived from the Pai River, the watershed from which the type specimen had been collected.
Diagnosis: Yaukthwa paiensis resembles its sister species, Y. inlenensis, but is distinguished by its more elongate shell outline, more parallel dorsal and ventral margins, less distinct umbo, and fixed nucleotide substitutions ( Table 2) . www.nature.com/scientificreports www.nature.com/scientificreports/ Description: Shell outline subtrapezoidal, dorsal and ventral margins straight, dorsal margin elevated posteriorly, creating slight wing. Maximum length to 42.7 mm, height to 21.5 mm, width to 11.9 mm (Table 1) . Posterior ridge broadly rounded, posterior slope gradual, often with very fine corrugations. Periostracum very smooth, yellow to brownish-yellow, often with green rays posteriorly. Nacre bluish-white, strongly iridescent posteriorly, often with orange tint near the umbo. Umbo only slightly elevated above hinge line. Pseudocardinal teeth strong, thin, elongate, one in each valve. Lateral teeth strong, thin, slightly curved, two in left valve, one in right. Umbo pocket, very shallow. Adductor muscle scars shallow, contiguous with pedal retractor scars.
Distribution: Known only from the type locality in northwestern Thailand (Fig. 2) . Habitat: The species inhabits slower flowing portions of the mountain stream, typically near sheltered and sandy banks. This species (and freshwater mussels in general) appears to be uncommon or patchily distributed in the Pai River system. No other freshwater mussel specimens (dead or alive) were found at any of our recent sampling sites in the Pai River watershed (N = 3) and there is only one other known freshwater mussel record from the Pai system (SMF 220825: 3 subfossil valves of Gibbosula laosensis) 15 . Etymology: The species name is derived from the Inle Lake, because it is widespread in tributaries and outlet of this water body.
Yaukthwa inlenensis
Diagnosis: This species is very similar to Yaukthwa paiensis, but differs from it by more developed umbo and fixed nucleotide substitutions ( Table 2) . Description: Shell shape variable, from elliptic to obovate, mainly with broader posterior side. Many specimens from the Nam Pilu River have constricted posterior end and more rounded ventral margin. All shells rather thick and inequilateral. Maximum shell length to 55.3 mm, height to 30.8 mm, width to 19.1 mm (Table 1) . Umbo elevated with w-shaped sculpture, usually corrugated. Periostracum from olive-brown to dark-brown; the nacre whitish. Well-marked wrinkles grooves along the dorsal and posterior margin. Pseudo-cardinal teeth linear and strong, two on the right valve and one on the left valve. Lateral teeth thin, long and slightly curved, one on the right valve and two on the left valve. Umbo cavity rather deep. Anterior adductor scar oval-form and marked. Posterior adductor scar shallow or absent.
Distribution: Tributaries and the outlet of Inle Lake, Myanmar (Fig. 2 Distribution: Manipur and Chindwin rivers, and the middle reaches of the Ayeyarwady River, Myanmar. Comments: This taxon has been considered a synonym of Trapezoideus exolescens 15, 16 , but the latter species was found to be a member of the Lamellidentini 8, 14 . Molecular analyses of the newly collected topotypes of T. subclathratus from Kalewa unexpectedly reveal that this species belongs to the genus Indonaia, representing another example of incorrect placement of the Parreysiinae taxa within the Rectidentinae based on an external resemblance of the shell 8, 14 . Actually, I. subclathrata is externally quite similar to the Yaukthwa species (Fig. 5d ). 33 are hardly resemble the shells of A. footei. Later, Haas (1969) noted that A. footei could actually be a member of the Trapezoideus and may be conspecific to T. prashadi. From a conchological point of view, these taxa are identical, and the Arcidopsis appears to be a valid genus, which is not related to Trapezoideus. We therefore considered T. prashadi as a junior subjective synonym of A. footei.
Unionidae incertae sedis

Discussion
In this study, Trapezoideus was not recovered as monophyletic, and its putative species were distributed across the tribe Contradentini (five distinct lineages in three genera) and one of its former species (T. subclathratus) is placed within the distantly related tribe Indochinellini (Fig. 1) . On the basis of morphological and biogeographic patterns we remove three other species from the genus Trapezoideus, i.e. T. peninsularis, T. theca, and T. prashadi. We briefly discuss each of these hypotheses in terms of their systematic and biogeographic relevance (see Taxonomic Account).
We collected putative specimens of the type species of Trapezoideus, T. foliaceus, from several headwater sites of the Mae Klong Basin in western Thailand, which is directly adjacent to the Dawei (Tavoy) Drainage, the drainage from which Unio foliaceus is presumed to be described from (Fig. 2) . However, in the description of Unio foliaceus Gould 17 never explicitly mentions the type locality of the species. The specimens are presumed to be from Tavoy on the basis that Rev. F. Mason, a missionary in the region, sent the specimens to Gould 14 . It is therefore possible that the specimens did not in fact originate from that river. The sequenced Mae Klong specimens are morphologically very similar to the lectotype of Unio foliaceus (Fig. 4a,b ) and we consider them representatives of this nominal taxon. The inclusion of specimens of the type species of the genus Trapezoideus provided the material necessary to more completely revise the tribe Contradentini. Our Trapezoideus foliaceus specimens are recovered as the sister lineage to the genus Contradens (Fig. 1) . The topology recovered here is completely consistent with the morphology-based hypothesis of Konopleva et al. 14 The taxa previously attributed to Trapezoideus from the Western Indochina Subregion belong to another genus, Yaukthwa gen. nov. This new genus comprises at least seven species, inhabiting the Salween, Sittaung, Bago and Ayeyarwady River drainages (Fig. 2) . This new genus is morphologically similar to Trapezoideus, and their species are indistinguishable from each other by a morphometric shell shape analysis, with only the exception of Yaukthwa inlenensis sp. nov., showing a high variation in the shell shape, likely because of wider range of habitats. Yaukthwa gen. nov. is phylogenetically distant from the other Contradentini clades (Trapezoideus, Physunio, and Contradens) that are distributed east of the Salween -Mekong drainage divide, supporting a previously established biogeographic division of Southeast Asia 9 . In general, five freshwater mussel genera seem to be endemic to western Indochina: Yaukthwa gen. nov., Indochinella, Pseudodon, Leoparreysia, and Trapezidens.
All the Yaukthwa species and Trapezoideus foliaceus were recorded from lotic freshwater systems, i.e. rapidly flowing rivers and streams, mostly within upland areas ( Supplementary Table 3 ). With respect to this evidence, dam construction, water pollution, and forest cutting appear to be the primary treats for their populations, as was shown for Laos, Borneo and Malaysia 10, 11, 36 . Taking into account local distribution ranges of the Yaukthwa and Trapezoideus species, they should be a focus of special conservation efforts from the governments, local authorities and local communities of Myanmar and Thailand, as well as international organizations. In conclusion, our results confirm a high conservation significance of the Oriental freshwater mussel fauna, because it includes numerous local endemic taxa. An integrative taxonomic approach becomes an essential tool for revisions of freshwater mussels in Southeast Asia.
Methods
Taxon sampling and molecular analysis. The samples of the Contradentini taxa were collected from Myanmar, Thailand, Laos, Cambodia, and Malaysia (Supplementary Table 1 ). Total genomic DNA extraction was carried out using NucleoSpin ® Tissue XS Kit (Macherey-Nagel GmbH & Co. KG, Germany), following the manufacturer's protocol. For the molecular analyses, partial sequences of the COI, 16 S rRNA, and 28 S rRNA www.nature.com/scientificreports www.nature.com/scientificreports/ gene fragments were obtained and afterwards checked using a sequence alignment editor (BioEdit v. 7.2.5) 37 as described in Bolotov et al. 8 The PCR primers are provided in Supplementary Table 4 . 38 was used for sequence alignment of COI, 16 S rRNA and 28 S rRNA gene fragments. To get alignments with final lengths ( Supplementary Table 5 ) we used GBlocks v. 0.91b 39 as described in Bolotov et al. 8 Through an online FASTA sequence toolbox (FaBox 1.41) 40 we joined aligned data sets into combined nucleotide sequence alignments and collapsed them into unique haplotypes. Combined data set (3 codons of COI + 16 S rRNA + 28 S rRNA) of unique haplotypes was used for phylogenetic analyses. The best evolution models for each partition were selected based on the corrected Akaike Information Criterion (AICc) of MEGA6 38 ( Supplementary Table 6 ). Bayesian inference analysis (BI) was performed in MrBayes v. 3.2.6 41 with four runs, each with three heated (temperature = 0.1) and one cold Markov chain, during 30 million generations and sampling every 1000th generation. The first 15% of trees were discarded as burn-in. All calculations were performed at San Diego Supercomputer Center through the CIPRES Science Gateway 42 45 . The comparative analysis of shell morphology was carried out with regard to the main distinguishing traits, such as shell shape, umbo position, structures of pseudo-cardinal and lateral teeth, as well as muscle attachment scars 8, 14 . Three shell dimensions at each specimen of the studied taxa, i.e., the length, height, and width of the shell (all at the maximum diameter), were measured using calipers (±0.1 mm). Shell shape of Trapezoideus foliaceus and the Yaukthwa species were analyzed through Fourier coefficients using software package SHAPE v. 1.3 46 as described in Konopleva et al. 14 . We used 139 individuals, from 8 to 12 shells per each species, depending on the number of available specimens. Photographs were obtained for mussels from our collections and were processed using GIMP v. 2.8.2 (www.gimp.org).
Phylogenetic analyses. Muscle algorithm implemented in MEGA6
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